Skeletal muscle development serves as a paradigm for cell lineage specification and cell differentiation. Adult skeletal muscle has high regenerative capacity, with satellite cells the primary source of this capability. The present review describes recent findings on developmental and adult myogenesis with emphasis on emerging distinctions between various muscle groups and stages of myogenesis.
Introduction
Skeletal muscle fibers form throughout the body and during the entire life span of vertebrates. Recent study indicates that diverse populations of muscle stem and progenitor cells with distinct developmental programs and/or genetic requirements are important for production and/or regeneration of various muscles. In the present review we discuss recent publications on muscle stem and progenitor cells in developmental and regenerative myogenesis. Recent reviews on these and related subjects are also recommended [1-3].
Embryonic origins of trunk and limb muscles
Skeletal muscle, the most abundant tissue in the vertebrate body, develops in sequential but overlapping stages [4] . Muscles of the trunk and limbs arise from somites, segmented structures that form from paraxial mesoderm in an anterior-to-posterior manner. Muscle progenitor cells are derived from the dorsal epithelial region of the maturing somite, the dermomyotome [4, 5] . The dermomyotome also gives rise to cells of the endothelial, vascular smooth muscle, dermal and brown fat lineages, and some dermomyotomal cells are multipotent, their fates being influenced by specific signaling pathways and interactions between transcription factors [1] . For example, BMP signaling stimulates production of endothelial cells, whereas Notch signaling promotes the smooth muscle fate over the skeletal muscle fate [6 ] . The transcriptional regulator PRDM16 interacts with C/EBPb to steer Myf5 þ myogenic cells into the brown fat lineage; brown adipose tissue from Prdm16-mutant mice fails to acquire a complete differentiation program and expresses skeletal muscle-specific genes [7 ,8 ] .
In response to signals from the adjacent notochord, neural tube and surface ectoderm, some dermomyotomal progenitors become committed to the skeletal muscle lineage and form the myotome, a set of differentiated muscle cells that underlies the dermomyotome and which elongate parallel to the axis of the embryo over the entire somite length [5] . Although the myotome represents the first differentiated muscle in the embryo, few dermomyotomal muscle progenitors actually differentiate into myotomal fibers. The majority of body musculature is derived from a highly proliferative population of Pax3 þ /Pax7 þ cells that emerge from the central dermomyotome [9] [10] [11] . The timing of the emergence of this population is regulated by myotome-derived FGF8, which stimulates expression of the transcription factor Snail1 in dermomyotomal cells and a consequent epithelial-to-mesenchymal transition [12] . Resultant Pax3 þ /Pax7 þ progenitor cells are capable of both proliferation/self-renewal and differentiation along the skeletal muscle lineage, defining them as stem cells.
Several signaling pathways contribute to regulation of the balance between self-renewal and differentiation of these cells so as to produce skeletal muscles of appropriate size at the appropriate time. Notch signaling inhibits differentiation, and mice lacking the Notch ligand Delta1 or the pathway-responsive transcription factor RBP-J display precocious differentiation with consequent depletion of the progenitor pool and diminished musculature [13, 14] . Overexpression of the asymmetric cell fate determinant Numb, an inhibitor of Notch signaling, in the avian dermomyotome drives cells into a myotomal fate [6 ]. However, mice expressing a Numb transgene in a similar compartment led to an expanded pool of Pax3 þ / Pax7 þ progenitor cells and increased numbers of cells committed to both dermal and myotomal fates [15] . Numb may act by more than one mechanism [16] , and relative timing of overexpression plus potential loss of asymmetric distribution may produce distinct outcomes with these different model systems. Numb (and its paralog Numblike) is likely to be a key factor in generation of appropriate cell numbers for dermomyotomederived lineages. Mice lacking both Numb and Numblike die at approximately E9.5 [17] ; future conditional mutagenesis approaches should be very informative.
Sprouty1, a negative regulator of receptor tyrosine kinase signaling, also stimulates self-renewal of Pax3 þ /Pax7 þ progenitor cells [18 ] . Conversely, Pax3 directly activates expression of fibroblast growth factor receptor 4 (Fgfr4; encoding a receptor tyrosine kinase), which promotes entry into the differentiation program [18 ] . A second signaling factor that drives entry into the muscle-specific lineage is myostatin, a transforming growth factor-b (TGFb) superfamily member that induces expression of p21 and MyoD, driving cell cycle exit and musclespecific transcription [19] . It is noteworthy that major signaling pathways such as FGF and Notch are used reiteratively in the progression from multipotent dermomyotomal progenitor to determined myogenic precursor. Consistent with this notion, myostatin also plays a distinct, later role in regulation of muscle mass in the adult mouse [20] .
Pax3 þ and Pax3 þ /Pax7 þ progenitor cells are specified to become muscle lineage-committed myoblasts through the action of the myogenic regulatory factors (MRFs), Myf5, MRF4 and MyoD, and differentiation of myoblasts is regulated by myogenin, MyoD and MRF4. Pax3 and Pax7 expression are downregulated in most muscles during this process, with Pax7 expression retained by satellite cells [9] [10] [11] . Genetic cell lineage tracing and cell ablation studies [the latter through use of mice carrying locus-specific Cre knock-in and conditional Rosa26-DTA (diptheria toxin A) alleles] have been used to investigate fates and functions of Pax3-expressing, Pax7-expressing and individual MRF-expressing cells. Pax3 þ cells give rise to embryonic muscle and to Pax7 þ cells, and ablation of Pax3 þ cells results in failure of embryonic myogenesis [21 ] . This is in contrast to Pax3 À/À mice, in which only limb muscles are lost [22] , revealing that Pax3 itself is required only for limb musculature but Pax3-expressing progenitors are essential to produce both trunk and limb musculature [21 ] . It was not possible to study later stages of muscle development in Pax3 þ cell-ablated mice due to embryonic lethality, but ablation of Pax7 þ cells results in defective fetal myogenesis in the trunk and limbs [21 ] . This is in contrast to Pax7 À/À mice, which develop muscle normally but have defects in maintenance of adult satellite cells [23, 24] , and is consistent with the notion that Pax3 þ /Pax7 þ progenitors give rise to the vast majority of the somatic musculature [9] [10] [11] .
Similar approaches have been taken to ablate cells that express Myf5, myogenin or Mrf4. A majority of muscle precursor cells express both Myf5 and MyoD, with Myf5 expression beginning much earlier than MyoD expression [5]. Myogenic cell determination in the mouse occurs in the absence of either gene singly, but simultaneous removal of both leads to a failure of fetal myogenesis and animals that lack skeletal muscle at birth [25, 26] . Myf5 þ cells contribute to muscle masses throughout the trunk, limbs and head, though the distribution is variable within and between muscles [27 ,28 ] . Ablation of Myf5 þ cells results in aberrant early, somitic myogenesis but such mice did not display significant loss of musculature at later stages [27 ,28 ] . Therefore, a cell lineage in which Myf5 expression is insufficiently robust to drive Cremediated recombination (and which expresses and is presumably dependent on MyoD) exists and is sufficient to produce normal musculature, including fast and slow fibers. In contrast, ablation of myogenin þ and MRF4 þ cells resulted in loss of myofibers, consistent with their later expression and roles in differentiation [27 ,28 ] . It will be interesting to use the MyoD-cre allele [29] for similar experiments.
Embryonic origins of head muscles
Recent studies also reveal that specific groups of head muscles rely on combinations of transcriptional regulators distinct from those used by body muscles during their development. In somite-derived muscles, Pax3 works with Myf5/Mrf4 and lies upstream of MyoD, and Pax3 is sufficient to rescue MyoD expression in the absence of Myf5/Mrf4 [25, 30] . In branchial arch muscles, Tbx1 plays a similar role to Pax3 in body muscles, and Pax3 is dispensable. In contrast, extraocular muscles appear to lack this type of pathway, MyoD is not expressed, and these muscles do not develop, in the absence of Myf5/Mrf4 [31 ] . Therefore, unlike body and branchial arch muscle progenitors, extraocular muscle progenitors lack a Myf5/ Mrf4-independent pathway to activate MyoD. Extraocular muscles do not form in mice null for Pitx2 but Pitx2 is also involved in body and branchial arch muscle development, and Pitx2's role in extraocular muscles is not analogous to that of Pax3 or Tbx1 [31 ] .
These differing genetic requirements are reflected by the distinct developmental origins of these muscle groups. Body muscles are mainly derived from Pax3 þ /Pax7 þ progenitors that originate in somites; recent linage tracing studies indicate that branchial arch muscles arise from MesP1 þ /Isl1 þ /Nkx2.5 þ progenitors that originate in cranial paraxial and splanchnic mesoderm, and extraocular muscles arise from MesP1 þ progenitors that originate in cranial paraxial and prechordal mesoderm [32 ] . The functional roles of MesP1, Isl1 and Nkx2.5 in head muscle development are unclear as these factors are involved in cardiogenesis, and mouse mutants die at approximately E10.5. The links between heart and head muscle morphogenesis are intriguing from developmental and evolutionary viewpoints [33 ] .
Developmental origins of satellite cells
Satellite cells are quiescent muscle progenitors located between myofibers and their surrounding basal lamina. Adult skeletal muscle displays high regenerative ability, even after repetitive injury, and satellite cells are the primary source of this capability [34, 35] . All satellite cells express Pax7, which is required for their survival [23, 24] , but satellite cells of different muscles have distinct developmental origins. Satellite cells of the trunk and limbs originate from the same dermomyotome-derived Pax3 þ /Pax7 þ muscle progenitor population that gives rise to the body musculature [9] [10] [11] . Similar to the developmental origins of extraocular and branchial arch muscles, satellite cells of these muscles are derived from head mesoderm [31 ,32 ] . The satellite cells of these diverse muscle groups express markers that reflect their distinct origins, an observation with significant implications for myopathies/dystrophies that target specific muscle groups; these signatures are not, however, maintained when the cells are transplanted to other muscles, suggesting both developmental history and niche are important [31 ,32 ,36] .
Satellite cell heterogeneity
Upon muscle injury, quiescent satellite cells are activated to proliferate, differentiate and fuse with each other or pre-existing myofibers to regenerate the muscle [34, 35] . Inherent in the notion that at least some satellite cells are stem cells is that, following injury, some fraction selfrenews to reconstitute the quiescent satellite cell pool [34, 35] . Several studies have shown that freshly isolated or fiber-associated satellite cells participate in muscle repair upon engraftment and also re-enter the satellite cell niche [37] [38] [39] [40] 41 ] . This is true even for single transplanted cells, formally demonstrating self-renewal and differentiation capability [41 ] .
Numerous studies indicate that satellite cells are a heterogeneous population, with some, rather than all, satellite cells having stem cell properties [34, 35] . Efforts to identify this fraction are ongoing. Kuang et al. [39] used mice carrying Myf5-cre and conditional Rosa26-YFP alleles and found that about 10% of the Pax7 þ cells in the satellite cell niche are YFP À (i.e., had never expressed Myf5). The capacity of these cells to engraft injured muscle and repopulate the satellite cell compartment is superior to Pax7 þ /YFP þ cells, and they produce both Pax7 þ /YFP À and Pax7 þ /YFP þ progeny through asymmetric division [39] . Satellite cells that never expressed Myf5 in their history therefore behave as stem cells. Furthermore, Pax7 þ /YFP À , but not Pax7 þ /YFP þ , cells express the Wnt receptor Fzd7, and Wnt7a ligand induced during muscle injury stimulates symmetric division of these cells via the planar cell polarity (noncanonical) pathway, expanding the stem cell pool [42 ] .
It might be predicted that satellite cells that never expressed Myf5 would also never have expressed MyoD. However, 98-100% of the quiescent satellite cells in young, uninjured mice that carry MyoD-cre and ROSA26 reporter alleles expressed MyoD in their history [29] . This fits observations on satellite cells from single-fiber cultures, in which some Pax7 þ /MyoD þ cells divide to produce one Pax7 þ /MyoD þ cell and one Pax7 þ /MyoD À cell [43] . A possible scenario consistent with all these results is that stem cells identified as Pax7 þ /YFP À might arise from the Myf5-independent embryonic muscle progenitors identified in the Myf5 þ cell ablation studies discussed above [27 ,28 ] .
Sorting satellite cells for specific surface markers (e.g., CD34) strongly enriches for cells that engraft into myofibers and occupy the satellite cell niche [37, 40, 41 ] . Tanaka et al. [44 ] sorted for both satellite cell markers and markers of side population cells (cells found in many tissues with potential stem-like properties) to isolate so-called satellite-side population cells. Less than 10% side population cells expressed satellite cell markers and less than 10% of the satellite cells expressed side population cell markers; cells that expressed both represented approximately 0.25% of the mononuclear cells in muscle and were myogenic in vitro and highly efficient at engrafting the satellite cell niche when transplanted into injured muscle [44 ] . It will be interesting to determine the relationship between these cells and the Pax7 þ /YFP À cells described above. It is also important to decipher the extent to which stem cell properties of specific satellite cells are determined by their lineage versus maintained by a specific niche. With regard to the latter possibility, satellite cells express the receptor tyrosine kinase Tie2, and smooth muscle cells and fibroblasts, both found in proximity to satellite cells in muscle [45] , express its ligand angiopoie-tin1. Angiopoietin1 signals via Tie2 and ERK1/2 MAP kinase to promote satellite cell quiescence and may therefore be involved in regulating self-renewal [46] .
Satellite cell activation and differentiation
Notch signaling plays an important role in proliferation of satellite cells, blocking differentiation until there is sufficient expansion of progenitor cells for repair [39, 47] . There is a transition from Notch signaling to canonical Wnt signaling at the onset of differentiation [48] . The temporal balance between these pathways is important as premature Wnt signaling results in premature differentiation, and blockade of Wnt signaling impairs differentiation [48] . Crosstalk between the two pathways occurs via glycogen synthase kinase 3b (GSK3b), an inhibitor of canonical Wnt signaling. Notch activates GSK3b, and reduction of GSK3b activity at the transition contributes to Wnt-mediated accumulation of b-catenin and differentiation [48] . In addition, BCL9, a co-regulator of b-catenin and TCF/LEF-mediated transcription, is induced during regenerative myogenesis and promotes Wnt-dependent differentiation of adult muscle progenitors [49] .
In contrast, studies with satellite cells associated with isolated myofibers revealed a different role for b-catenin. Nuclear b-catenin levels decrease during differentiation, overexpression of b-catenin or inhibition of GSK3b activity results in more Pax7 þ /MyoD À cells, and depletion of b-catenin by RNA interference (RNAi) enhances differentiation [50] . b-Catenin therefore promotes satellite cell self-renewal at the expense of differentiation. Exposure of such cultures to canonical Wnts also stimulates satellite cell proliferation [51] . Each of these studies was performed with different protocols, making them hard to compare directly. Furthermore, b-catenin is a multifunctional protein and may have multiple roles with overlapping time frames within muscles that regenerate somewhat asynchronously [35] .
Distinct genetic requirements at different stages of myogenesis
The cellular mechanisms of developmental, postnatal and adult regenerative myogenesis are thought to be similar. However, recent studies have revealed some distinct genetic requirements for embryonic, fetal, postnatal and adult regenerative myogenesis. Myogenin-null mice die at birth due to a severe deficiency of myoblast differentiation [52] , and myogenin is the only MRF without a compensatory factor during developmental myogenesis. In contrast, mice in which myogenin is conditionally deleted 24 h after birth display normal postnatal muscle development (during which muscle mass increases tremendously), indicating a major difference in requirement for myogenin function in embryonic/fetal and postnatal myogenesis [53] . Satellite cells in which myogenin is deleted in vitro form myotubes normally, but have an altered pattern of gene expression that is mirrored in conditionally deleted muscle in vivo. It will be important to assess the ability of adult myogenin-null mice to repair muscle injury.
Pax7 is expressed in all adult satellite cells and is required for their maintenance in the postnatal period. Adult Pax7 À/À animals (i.e., Pax7-null from conception) have a severe defect in regenerative myogenesis [23, 24] . Surprisingly, Lepper et al. [54 ] found that Pax7 is not required for adult limb muscle regeneration if genetically removed after 3 weeks of age. M-Cadherin þ (another satellite cell marker) cells are found in the satellite cell compartment after injury to such mice, and they can repair a second round of muscle injury, suggesting an ability to replenish adult muscle progenitor cells. The regenerative capability of Pax7-null satellite cells was not due to compensation by Pax3, as simultaneous deletion of Pax7 and Pax3 in adulthood also does not hamper muscle injury repair.
Conclusion
The study of muscle development and regeneration has been a source of valuable insight into the processes of cell lineage specification, cell differentiation and tissue repair after injury. Sophisticated genetic and embryological analyses have provided information on the diverse genetic determinants required for these processes. This is expected to continue, particularly in the identification of stem cells within the overall satellite cell population and the relative roles of developmental history and niche in governing the behavior of these cells. The unexpected findings that the roles of key regulators are restricted to specific temporal windows (e.g., myogenin in myogenic differentiation and Pax7 in satellite cell maintenance) will surely spur much additional study on age-dependent differences in myogenesis and satellite and muscle stem cells.
